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The properties of a series of (~-AlF~/A1203 and j3-AlF~/Al,0s catalysts were in- 
vestigated. The ratio of the number of Lewis and Brflnsted acid sites is important 
for the catalytic behaviour in the double-bond isomerization of 1-pentene. It was 
found that both the catalytic activity and the effective acidity (acidity per unit 
of surface area and per fluorine atom) is larger for P-AlF,/Al,O, than for cu-AlF,/Al,Op 
catalysts. In the p-AlF+Al,O, catalysts the size of the AlF, crystallites is smaller, 
whereas the total AIF, surface area is larger than in the (u-A~F,/ALO, catalysts. When 
it is assumed that catalytic activity is located at the boundary of AlF, crystallites and 
A1,03, the difference in catalytic behaviour between (u-AIF~/A~,O, and p-AlF,/AhO, 
can be explained on account of the difference in size of the AlF, crystallites. 

In the last decade several investigations 
have been reported concerning the influence 
of fluorine on the activity of Al,Oa-sup- 
ported catalysts. Besides investigations 
with respect to fluorinated alumina (1-11) 
attention was also paid to the catalytic ac- 
tivity of AIF, (12, 13, 14). Until 1965 only 
one modification of AlF,, viz.? the n-modi- 
fication, was reported. In 1965 a new AlF, 
modification was described (15) by Chris- 
toph et al., viz., the metastable ,&AlF, 
form, which proved to be more active than 
c~-AIF, in the hydrofluorination of acety- 
lene. The metastable P-modification is 
transformed irreversibly into the stable (Y- 
form at t’emperatures higher than approxi- 
matelv 550°C. 

this patent application and in a later in- 
vestigation (19) that combinations of /3- 
AlF, and Al,O, possess a much more pro- 
nounced catalytic activity than combina- 
tions of cu-AlF, and Al,O, in several crack- 
ing and disproportionation reactions. 

In this paper the catalytic activity of a 
series of a-AlF,/Al,O, and ,&AlF,/Al,O, 
catalysts in the isomerization of l-pentene 
is described and related to acidity and sur- 

TABLE 1 
CHARACTERISTICS OF cy- AND 

P-ALUMINUM FLUORIDW 

ol-AlF, &AlF, 

Crystal Rhombic Hexagonal 

In “l966 Shinn et al. (16) described the system 

preparation of a material which they called ~n?~~~~up W-&z DBh4-PG/mmc 

a y-modification of AIF, with a tetragonal 
a = 0.4927 nm a = 0.693 nm 

parameters c = 1.2445nm c = 0.7125 nm 
structure. The correctness of their conclu- Molecules 6 6 
sion was, however, doubted by Baumer AlF, per 
et al. (17). In a patent application of unit cell 
Toyo Rayon (18) also three AIF, modi- Unit cell 2.615 (nm)” 2.964 (nm)” 

fications are distinguished. Apart from a volume 

restricted X-ray pattern, further data c,~~~~d 3.197 g/cm3 2.815 g/cm8 

about the AlF, (III) modification are lack- 
ing. It is, however, clearly demonstrated in G According to Christoph et al. (16). 
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face area of the catalysts and to the size 
of the AlF, crystallites. 

EXPERIMENTAL 

Catalysts 
The ,&AIF,/AI,O, catalysts were pre- 

pared according to the method previously 
described (19, 20). An excess of gibbsite 
(A1203-3Hz0), activated at 3OO”C, is 
heated with an aqueous ammoniacal solu- 
tion of NH,F in a closed reaction vessel at 
100°C during 30 min. (NH,),AIF, is pre- 
cipitated in the pores of the gibbsite, thus 
forming an intimate mixture with A1,03, 
which is transformed into a mixture of p- 
AlF, and A1,O3 by calcination at 450”- 
500°C. By regulating the excess of gibb- 
site it is possible to prepare catalysts with 
any desired composition of /3-AlF, and 
ALO:,. 

The cr-AlF,/Al,O, catalysts were pre- 
pared from the p-AlF,/Al,O, catalysts by 
calcination at 570°C during 16 hr in a 
stream of dry air; X-ray diffraction with 
Ni-filtered Cu K,-radiation was used to 
verify the completeness of the transforma- 
tions of p-AlF, into the a-form. 

In all experiments the 100-400 mesh 
catalyst fraction was used. The fluorine 
contents of the catalysts were determined 
by activation analysis (measurement of the 
‘SF activity caused by the reaction 
‘“F (n, 2n) lsF,TK = 110 min) .+ 

Surface areas of the catalysts were de- 
termined in a Carlo Erba sorptometer by 
nitrogen adsorption (BET-method). 

Acidity Titration 
Catalyst acidity measurements were per- 

formed by titration with n-butylamine (in 
benzene) at room temperature, using a 
series of Hammett indicators (Ho acidity) 
and arylmethanol indicators (Hr acidity) 
(21, 22), mentioned in Table 3. The in- 
dicators d,g,h,j, and k were commercially 
available and were used without further 
purification. The other indicators were pre- 
pared according to the methods described in 

*Measurements carried out by the Reactor 
Centrum Ned&and in Petten, The Netherlands. 

the cited references; their structures were 
confirmed with infrared and NMR spec- 
trometry and ultimate analysis. 

Prior to the acidity titrations the cata- 
lyst was calcined at 400°C in a stream of 
dry air for 16 hr and subsequently in a 
stream of dry nitrogen for 1 hr. Both gases 
were dried with molecular sieve 3A. In one 
experiment the catalyst was immersed in 
water for 1 hr; after filtration and 3 hr 
of drying in vacuum at llO”C, the catalyst 
was treated as described above. Weighed 
amounts of approximately 0.1 g of catalyst 
were transferred into screw-cap bottles sup- 
plied with a septum and covered with 2 ml 
of dry benzene ; a few drops of an indicator 
solution (0.1 M in benzene) were added to 
each bottle. These operations were per- 
formed in a dry nitrogen box. To attain 
rapid equilibrium, the titrations with n- 
butylamine in benzene were executed in 
an ultrasonic bath, as described previously 
by Bertolacini (23). The catalyst acidity 
was in all cases determined in duplicate; 
the maximum difference amounted to 
approx. 0.02 mEq/g. 

Catalytic Activity 
Double-bond isomerization of I-pentene 

was selected as a model reaction. The l- 
pentene was commercially available and 
was used as received. The investigations 
were carried out in a fixed bed stainless 
steel reactor heated by means of a fluidised 
bed furnace. The catalyst (1 g) was acti- 
vated in situ at 450°C with dry air (16 hr) 
and dry helium (1 hr) After cooling to the 
reaction temperature (150°C in most cases) 
a helium stream, saturated at 0°C with 
I-pentene, was passed continuously through 
the reactor at a total pressure of approx. 1 
atm. Gas flow, temperature and pressure 
were regulated with conventional devices. 
Air and helium were dried over molecular 
sieve 3A, helium being freed from traces of 
oxygen by a hydrogenated copper catalyst. 
To study the influence of water on catalyst 
activity at reaction conditions, it was possi- 
ble to inject small pulses of H,O into the 
reactant stream. Periodically the effluent 
stream was sampled and analyzed in a 
Hewlett Packard 700 gas chromatograph 
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equipped with a flame ionization detector. 
Separation of the products was performed 
at room temperature on a 10m X l/4 inch 
column packed with 15% Apiezon L on 
Chromosorb DMCS, 60-86 mesh. Cis- and 
trans-2-pentene were the only reaction 
products that could be detected. From cal- 
culations it is obvious that, under the used 
conditions, mass transfer limitations to the 
catalyst as well as diffusion limitations in 
the pellet do not exist. 

RESULTS AND DISCUSSION 

Catalyst Properties 

The results of analysis of the used CY- 
AlF,/AI,O, catalysts (A series) and /3- 
AlF,/AI,O, catalysts (B series) are sum- 
marized in Table 2. The BET surface 
diminishes as more fluorine is incorporated 
in the catalysts. There exists a difference 
between the surface areas of the B and the 
corresponding A catalysts, as a result of 
the calcination procedure at 570°C during 
16 hr causing inter alia transformations in 
the A&O, carrier (27). Furthermore, it has 
been shown that the AIF, modification is 
only visible in the X-ray pattern in the 
used catalyst samples containing 17% (= 
25% AIF,) or more of fluorine. In a num- 
ber of publications (3, 7, 28) this phenome- 
non has also been mentioned, on the under- 
standing that already in catalysts with 

approximately 6% of fluorine the AlF, 
modification has been observed. In catalysts 
containing less than 6% of fluorine, the fluo- 
rine appears to be restricted to the surface. 
Apparently, AlF, crystallites are formed 
only in cat.alysts containing more than 6% 
of fluorine. In our opinion this explanation 
holds for the catalysts A, and B,. In A, 
and B,, however, the presence of AIF, 
crystallites should not be excluded; as a 
consequence of the specific way of cata- 
lyst preparation the crystallites might 
have been too small or too few in 
number to be observed in X-ray diffraction. 

Acidity Measurements 

Table 3 shows the results of the acidity 
titrations with Ho and Hr indicators. The 
accuracy of the determinations is approx. 
0.01 mEq/g. It clearly follows from Table 
3 and the surface area data in Table 2 
that the wAIF,/AI,O, catalysts contain less 
acid sites than the /3-AIF,/Al,O, catalysts 
both on a per gram as well as on a per 
square metre basis. 

One might ascribe this difference in acid- 
ity to a deficiency of H,O as a consequence 
of the preparation of the a-AlF,/Al,O, 
catalysts by calcination during 16 hr, at 
570°C. To study this possibility an experi- 
ment was performed in which both an (Y- 
AIF,/AI,O, and a ,&AlF,/Al,O, catalyst 
were immersed for 1 hr in H,O and the 

TABLE 2 
PROPERTIES OF THE USED ol-AlF,/A1203 AND fl-A1Fa/A1203 CATALYST SERIES 

Samples 
F 

(wt 9,) 
AlPa 

cwt 5%) 

2.9 (4.2) 
8.9 13.1 

17.0 25.0 
29.2 43.0 
38.4 56.4 
46.2 68.0 

2.2 (3.3)” 
8.2 12.0 

16.7 24.6 
31.1 45.7 
39.8 58.5 
48.5 71.4 

AlF, modification 

Not observed 
Not observed 

B 
B 
B 
B 

Not observed 
Not observed 

a 
(Y 
a 
a 

Surface area 
W/g) 

- 

125 
81 
80 
83 
75 
75 

95 
50 
51 
48 
43 
45 

a Fluorine not present in AIFa crystallites. 
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TABLE 3 
ACIDITY MEASUREMENTS ON or-A1F3/A1203 (A SAMPLES) AND @-A1F3/A120a (B SAMPLES) BY 

n-BUTYLAMINE TITRATION USING ARYLMETHANOL (Hr) AND HAMMETT (Ho) INDICATORS 

Acidity (mEq/g) 

Hr indiratomb Ho indicatnrsb 
- 

Sample PKR -ll.OC -6.6d -4.06 +o.w PKA -8.2~ -5.6" -3.0% +1.5i +3.2k 

0 0.23 
0 0.18 
0 0.19 
0 0.18 
0 0.16 
0 0.04 

0 0.15 
0 0.09 
0 0.07 
0 0.07 
0 0.02 
0 0.00 

0 0.14 
0 0.08 

0.25 0.24 
0.19 0.18 
0.20 0.19 
0.18 0.19 
0.16 0.16 
0.11 0.14 

0.15 0.15 
0.09 0.09 
0.08 0.08 
0.09 0.08 
0.04 0.05 
0.02 0.04 

0.20 0.23 
0.10 0.11 

0 0.23 0.25 0.31 0.32 
0 0.15 0.16 0.18 0.19 
0 0.14 0.20 0.22 0.22 
0 0.15 0.20 0.21 0.21 
0 0.12 0.15 0.16 0.17 
0 0.04 0.12 0.13 0.14 

0 0.14 0.16 0.13 0.15 
0 0.07 0.08 0.08 0.09 
0 0.09 0.07 0.09 0.09 
0 0.06 0.07 0.09 0.08 
0 0.00 0.06 0.07 0.08 
0 0.00 0.03 0.03 0.03 

0 0.00 0.19 0.28 0.29 
0 0.00 0.10 0.11 0.12 

a Catalyst samples which had been immersed in water, dried, and calcined (see text). 
b Hr and Ho indicators with resp. PKE = - 11.0 and pK A = -8.2 are not converted by the catalyst 

samples into their acid forms. 
c 3,3’,3”-Trichlorotriphenylmethanol (24). 
d Triphenylmethannl. 
e 4,4’,4”-Trimethyltriphenylmethanol (%). 
/4,4’,4”-Trimethoxytriphenylmethanel (6). 
0 Anthraquinnne. 
h Benzalacetophenone. 
i Dicinnamalacetone (26). 
i Benzeneazodiphenylamine. 
k Dimethylyellow. 

acidity determined after drying and cal- 
cination in the usual way. The results, 
which are represented in Table 3, show an 
unambiguous difference in acidity. There- 

o pKR4.1 

Hr INDICPTOR a pKR=-U 

A pKR=+U 

fore it can be concluded that the differences 
in acidity between B and A catalysts have 
not been caused by the method of prepara- 
tion of the latter. 

There is a strong similarity between the 
results of our acidity measurements and 
those of other investigators. The data of 
Moerkerken et al. (19) who executed acid- 
ity measurements using LiAlH, as the re- 0 10 20 30 LO 50 60 70 

actant on a number of ,&All?,/AI,O, cata- PERCENTAGE AlF3 IN CATALYST 

lysts are qualitatively in agreement with 
our results. The same holds for the acidity FIG. 1. Effective Hr acidity (acidity per unit ef 

measurements with Ho and Hr indicators surface area per F atom) of a-A1F,/A120a(A) and 

of moderate strength on fluorinated alu- 
P-AlFa/A1203(B) catalysts. Catalysts A: - - - - -; 
catalysts B: p. 
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FIG. 2. 1-Pentene conversion after 4 hr of reaction 
of a-A1F3/A1203(A) and p-AIFt/AlzOa(B) catalysts. 
Catalysts A: X----X, X -----X ; catalysts B: 
o----o, A- A (average of 3 determina- 
tions). Conditions : reaction temperature 15O”C, 
WHSV = 2.9 g 1-pentene/g catalyst/hr; y0 con- 

version = 
Z Z-pentene 

x 100. 
Z pentene 

minas, performed by Covini et al. (5). It, is 
evident that maximum acidity per unit of 
surface area occurs at intermediate fluorine 
percentages. 

Finally, it is interesting to consider the 
effective acidity (= acidity per unit of sur- 
face area and per added fluorine atom). 
Figure 1, which shows the effective Hr 
acidity, reveals a difference between the A 
and I3 catalyst series, except for the low- 
fluorinated aluminas (A,,B,) . Apparently 
this difference only exists when AlF, crys- 
tallites are present in the catalysts. 

Catalytic Activity 
As follows from Fig. 2, the catalytic 

activity of the B catalysts in the double- 
bond isomerization of I-pentene is much 

larger than that of the A catalysts, with 
the exception of the low-fluorinated samples 
A2 and B,. The pronounced activity of 
/3-AlF, and of mixtures of ,8-AlF, and 
Al,O, has been observed by several au- 
thors (15, lS, 19) ; maximum catalytic ac- 
tivity has been observed at intermediate 
compositions of AlF, and A1,03. This can 
be explained by the pronounced electro- 
negativity of fluorine (incorporated, e.g., 
during hydrofluorination of Al?O, accord- 
ing to Fig. 3, step I), which causes an in- 
crease in strength of both Lewis acidity 
(exposed Al atoms) and Brflnsted acidity 
(adsorbed, dissociated, H,O moleculesj . 
For the ratalytic isomerization of 1-pentene 
both Lewis and Brgnsted sites, which can 
reversibly change into each other (Fig. 3, 
step II), are needed; maximum activity is 
to be expected at intermediate composi- 
tions of AIF, and Al,O,, in which both 
types of acid sites at present in optimum 
amounts. 

In our experiments none of the used A 
and B catalysts showed a constant initial 
activity ; it took 2-4 hr before a some- 
what const,ant activity was reached. It is 
remarkable that the less fluorinated B cata- 
lysts suffer a larger decrease in activity 
than the more fluorinated ones. This 
is in agreement, with data of Gerberich 
(3) and of Covini (5) and might indicate 
that the active sites of the catalysts are 
more stable when larger amounts of fluorine 
have been incorporated. 

The influence of H,O on the catalytic 
activity of the A and B catalysts was in- 
vestigated by introducing small pulses of 
water into the reactant st,ream during the 
experiments (see Fig. 4). Figure 4 shows 
the occurrence, after an initial decrease, of 

r 1 

H’ OH e 

F-AL-F + H20 - F-Al-F 

b 

(II) 
- 

I 

FIG. 3. Formation of Lewis and Brensted acid sites during the hydrofluorination of alumina. 
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FIG. 4. Influence of Hz0 on the catalytic activity of a-A1F,/A120, (A) and @-A1Fa/A1203 (B). Conditions: 
o-----C, 1 g of Bas, reaction temperature 15O”C, WHSV = 2.9 g 1-pentene/g catalyst/hr; X- x, 
3.8 g of ArO, reaction temperature 17O”C, WHSV = 0.5 g 1-pentene/g catalyst/hr; yc conversion = 
Z 2-pentene 

Z pentene 
x loo. 

a remarkable recovery of the activity of 
both catalysts. These results again confirm 
that the difference in catalytic activity be- 
tween A and B catalysts is not the conse- 
quence of removal of H,O from the A 
catalysts owing to the procedure of their 
preparation. 

Product Selectivity 

The product selectivity, which is repre- 
sented as the ratio of cis- and trans-2-pen- 
tene, is in the case of B catalysts in all 
experiments much larger than the thermo- 
dynamic equilibrium value of approxi- 
mately 0.5. The results, summarized in Fig. 
5, clearly show that the cis/trans ratio in- 
creases with decreasing conversion. This 
phenomenon of high cis/trans ratios in the 
isomerization of n-alkenes with acidic cata- 
lysts has been reported by several au- 
thors (29, SO, 3). 

Matsuura et al. (SO) relate the results of 
their experiments with the so-called “acidity 
composition” (= ratio of Lewis and Bran- 
sted sites) of the catalysts. Catalysts, pre- 
calcined at relatively high temperatures, 
will possess a relatively high L/B ratio, 
and will show a relatively low catalytic 
activity and a high cis/trans selectivity ; 
their stability is limited. Catalysts precal- 
cined at relatively low temperatures will 
possess smaller L/B ratios, a higher cata- 

lytic activity and a relatively low cis/ 
trans selectivity; they are more stable. The 
L/B ratio of a catalyst therefore seems to 
be of great importance in indicating its 
catalytic behaviour in double-bond isomer- 
ization reactions. 

In our experiments the calcination tem- 
perature of the catalysts was the same in 
all cases; however, the Lewis/Br@nsted 
ratio is not only a function of the tempera- 

, 1 . I . I . 1 , 

0 20 LO 60 80 
% CONVERSION 

FIG. 5. Product selectivity as a function of con- 
version with fi-AlFa/AleOa catalysts. Conditions: 
reaction temperature 15O”C, WHSV = 2.9 g 
of I-pentene/g catalyst/hr; yc conversion = 
Z 2-pentene 

Z pentene 
x 100. 
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ture of pretreatment of the catalysts, but is 
also determined by the percentage of in- 
corporated fluorine. It can be assumed that 
catalysts containing small amounts of 
fluorine will possess a relatively high L/B 
ratio. The more fluorine is incorporated in 
the catalysts, the lower their L/B ratio 
will be; this is a consequence of the fact 
that Bronsted and Lewis acid sites can be 
reversibly converted into each other (com- 
pare Fig. 3, step II). The acid strength 
of the Lewis sites will increase when more 
fluorine is incorporated; this facilitates their 
conversion into B sites and thus results in 
a lower L/B ratio. These considerations are 
supported by experiments of Bulgakov 
et al. (9), who determined the L/B ratio 
of fluorinated aluminas by means of in- 
frared spectrometry of adsorbed pyridine, 
and found that the L/B ratio is indeed re- 
lated to the fluorine percentage; this ratio 
becomes smaller when more fluorine is in- 
corporated in the catalyst. 41~0 the results 
of H,O-poisoning experiments (see Fig. 4) 
confirm these suppositions: readsorption of 
H,O will result in a smaller L/B ratio 
(either by the reaction H,O + L+ B, or 
by the occupation of L sites by H,O mol- 
ecules), and the conversion will decrease, 
as is in accordance with our observations. 

Acidity and Activity 
No correlation was found between the 

measured Ho or Hr acidity of the catalysts 
and their act,ivity, as is obvious from Fig. 2 
and Table 3. It should be noticed in this 
respect that the acidity measurement and 
the estimation of the catalytic activity 
have been executed in completely different 
systems. Moreover, the question arises as 
to what kind of acidity has been measured 
with the used Ho and Hr indicators. In the 
literature there is no unanimity on this sub- 
ject. It might be possible that only a part 
of the measured acidity is related to the 
activity of the catalysts for the double- 
bond isomerization of l-pentene. 

Activity and Size of AlF, Crystallites 
The experimental data and results from 

Fig. 2 show that with the exception of A, 
and B, the ,&AIF,/AIZO, catalysts have a 

higher activity in the double-bond isomer- 
ization of l-pentene than the corresponding 
U-AIF,/Al,O, catalysts, both on a per gram 
as well as on a per square metre basis. 
The question arises as to the origin of the 
remarkable difference in catalytic activity 
of both groups. From experiments of 
Rloerkerken (19) on the catalyt’ic activity 
of LY- and ,8-AlF, in hexane cracking, it is 
evident that neither WAIF, nor ,&AlF, is 
very active; the carrier A&O, also shows 
only a very limited activity. Combinations 
of Al&+ and ,8-AlF,, on the other hand, 
show a pronounced catalytic activity; this 
makes it probable that the catalytic activity 
is located at the boundary surface of the 
AlF, crystallites and the A&O, carrier. 
Calculations of AIF, crystallite sizes from 
the width of the reflections in the X-ray 
pattern show that the AIF, crystallite size 
in the il. series (Ali-AdI)) is of the order of 
100 nm, and in the B series (Bli-B46) of the 
order of 30 nm. From this and from the 
greater density of a-AIF, with respect to 
P-AIF, (see Table 1) it follows that the 
transformation of B catalysts into A cata- 
lysts is coupled with a considerable in- 
crease in AlF, crystallite size and a cor- 
responding decrease in the total AIF,-Al,O, 
contact area, and therefore in a decrease in 
catalytic activity. In a recent patent ap- 
plication (32) this conclusion is confirmed: 
in a number of AIF,-zeolite catalysts the 
activity could be directly related to the 
size of the AIF,-crystallites: small crystal- 
lites promote the catalytic activity. 

It is interesting to mention again Cov- 
ini’s article (5), in which a surface re- 
arrangement in the used AlF,/Al,O, cata- 
lyst is reported when the temperature of 
calcination rises above 550°C. In our 
opinion this surface rearrangement is 
brought about by the transformation of 
,G-AIF, crystallites into cu-AIF,, which, ac- 
cording to Christoph (15), starts at ap- 
proximately 550°C. 

The difference in catalytic activity be- 
tween the A and B series is therefore caused 
by a difference in the extent of the AlF,- 
Al,O, contact area. In the low fluorinated 
aluminas (A,,B,), in which the fluorine 
atoms are located on the surface, there are 
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no AlF, crystallites present. Hence there 
cannot exist a difference in catalytic activ- 
ity between A, and B,. The affirmation of 
this fact by the data in Fig. 2 supports our 
statement that the difference in catalytic 
activity of a-AlF3/A1,03 and /3-AlF,/AI,O, 
is primarily caused by the difference in 
AlF, crystallite size. 
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